We examined the effects of vitamin and mineral supplementation of the finishing diet on growth and accelerated chilling of carcasses on carcass and muscle traits of halothane gene carrier and noncarrier pigs. Barrows and gilts that were either monomutants (MON, n = 49) or noncarriers (NON, n = 28) of the halothane gene were fed a standard finishing diet until they reached 86 kg. They then were randomly assigned to one of four finishing diets formulated to contain 11 IU/kg vitamin E (0), 311 IU/kg vitamin E plus additional vitamins and minerals (300), 611 IU/kg vitamin E plus additional vitamins and minerals (600), or 911 IU/kg vitamin E plus additional vitamins and minerals (900) until they were slaughtered (118 kg). Alternating carcass sides were assigned either a normal chilling procedure (NC, 4°C for 24 h) or an accelerated chilling procedure (AC, −20°C for 1.5 h and then 4°C for 22.5 h). Supplementing vitamin E in the finishing diet increased (P < 0.05) the concentration of vitamin E in the longissimus muscle. Supplementing vitamin E in the
Introduction
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Received August 17, 2000 . Accepted April 24, 2001 2346 diets of MON pigs did not affect color, firmness, or cooking losses of loins or color and firmness of hams. For the NON genotype, increasing the level of vitamin E in the diet decreased (P < 0.05) the percentage of PSE loins and hams. Color and firmness scores of the gluteus medius and longissimus muscles were improved 0.4 unit (P < 0.005) by AC compared with NC of carcasses. Loin chop juiciness and flavor were improved (P < 0.05) in the MON genotype for AC compared to NC. Accelerated chilling reduced (P < 0.05) the percentage of PSE loins from 38 to 17% and PSE hams from 32 to 10% for the MON genotype, but percentage of PSE was not affected (P > 0.05) by chilling treatment for the NON genotype. No interaction between diet and chill treatments existed for muscle quality traits (P > 0.05). Supplementing finishing diets of NON pigs with at least 600 IU/kg vitamin E, in addition to other vitamins and minerals, or accelerated chilling of MON carcasses can reduce the incidence of PSE pork.
han et al. (1993) reported that feeding vitamin E reduced lipid oxidation but did not affect pork longissimus color. Others have shown that supplementing swine finishing diets with supplemental vitamins (specifically vitamin E) and minerals or accelerated chilling of carcasses (Frederick et al., 1993; Owen et al., 1995; Springer, 1997) helped to reduce the incidence of the PSE condition. However, neither the minimum level of vitamin E required to improve meat quality nor the effects of vitamin E supplementation of the finishing diet in combination with accelerated chilling has been established. Because supplementation of the diet with vitamin E and accelerated chilling have reduced the incidence of PSE pork, it is hypothesized that the combination of both treatments would have an additive effect. The objective of this study was to determine the minimum level of supplemental vitamin E with other vitamins and minerals in addition to accelerated chilling of pork carcasses on carcass and muscle characteristics and the incidence of PSE muscle. type treatments were divided into two slaughter groups because of differences in time to slaughter weight. One group was fed the experimental diet for 36 d and the other for 70 d. Because all treatments were evenly distributed between the two slaughter groups and because the length of the feeding/finishing period was not intended to be controlled in this study, the variation due to time the pigs were fed the experimental diet was blocked in the statistical analysis.
Materials and Methods

Animals and
Slaughter. When the pigs from each of the groups reached 114 kg, they were transported to the Texas Tech Meat Laboratory, allowed to rest for 12 h with water available, and humanely slaughtered and dressed following standard procedures. After being weighed and washed, one carcass side was randomly assigned to a normal chilling procedure (NC, 4°C for 24 h) and the opposite side of the same carcass was assigned to an accelerated chilling procedure (AC, −20°C, 0.1 m 3 /s air flow for 1.5 h then 4°C for 22.5 h). Temperature (Sapac TempRecord Reader, Modesto, CA) and pH (Orion, model 230A, Boston, MA) were measured in the semimembranosus muscle in the ham and in the longissimus muscle at the last rib. Temperature was recorded immediately after carcass washing and then hourly for at least 20 h, and pH was recorded hourly for 3 h and at 20 to 24 h postmortem. MeatCheck instrument (MeatCheck model 160, Erfurt, Germany) readings (consisting of electrical impedance measured between two copper probes inserted 2.5 cm into the muscle 2.5 cm apart) were measured in the longissimus muscle at the second lumbar vertebra of the loin and in the semimembranosus muscle of the ham at 24 h postmortem.
Carcass Measurements and Fabrication. After the carcasses had chilled for 20 to 24 h, each carcass side was ribbed between the 10th and 11th ribs. Subcutaneous fat thickness was measured along the midline at the first, 13th (to approximate the location where fat is commonly measured in industry settings), and last ribs and last lumbar vertebrae and one-half the distance across the loineye muscle at the 10th rib. Visual muscle score, carcass length, and loineye area measurements were also recorded. Subjective visual scores for color (1 = pale gray, 5 = dark purplish red), firmness (1 = very soft, 5 = very firm), marbling (1 = devoid to practically devoid, 5 = moderately abundant or greater), and muscle condition (1 = pale, soft, and exudative, 2 = red, soft, and exudative, 3 = red, firm, and normal, 4 = dark, firm, and dry) were assigned by trained and experienced personnel to the longissimus muscle at the 10th rib interface and to the gluteus medius muscle at the hamloin interface according to NPPC (1991) . Also at 24 h postmortem, values for CIE L* (0 = black, 100 = white), a* (positive values = red, negative values = green), and b* (positive values = yellow, negative values = blue) were measured on the longissimus muscle at the 10th rib interface and the gluteus medius muscle at the hamloin interface using a Minolta CR-200 ChromaMeter (Osaka, Japan). The ChromaMeter was calibrated with a standard white plate and had an 8-mm-diameter viewing area and a 0°viewing angle, and the area was illuminated with CIE D65 lighting conditions using diffuse illumination from a xenon arc lamp. A 4-g sample was taken from the longissimus muscle at the 10th rib, frozen in liquid nitrogen, and analyzed at Oregon State University for vitamin E concentration using the procedure described by Craig et al. (1992) .
Drip Loss and Sensory Evaluation of Loins.
Immediately following fabrication, the longissimus muscle was excised from the 11th rib to the last lumbar vertebra section of the loin. A 1.3-cm-diameter core about 6 cm long was taken from the muscle at the 10th rib, perpendicular to the length of the muscle, weighed, and suspended in a plastic bag for 24 h at 2°C. The muscle sample then was reweighed to determine drip loss as a percentage of the original weight.
Five 2.5-cm-thick chops were vacuum-packaged, stored 7 d at 2°C, and frozen (−20°C) for up to 60 d until they were analyzed. Chops for sensory analyses were thawed at 2°C for 24 h and cooked on Farberware Open Hearth broilers (Bronx, NY) to an internal temperature of 40°C, turned, and cooked until they reached 70°C, removed, cut into 1-cm 3 pieces, and served to an eight-member trained (Cross et al., 1978) sensory panel consisting of meat science faculty and graduate students (AMSA, 1995) . Chops were scored on an 8-point scale for initial juiciness, sustained juiciness, initial tenderness, sustained tenderness, flavor intensity, pork flavor, and overall mouthfeel (1 = extremely dry, dry, tough, tough, bland, off-flavor, uncharacteristic of pork; 8 = extremely juicy, juicy, tender, tender, intense, porklike flavor, characteristic of pork). Chops were weighed before and after cooking to determine cooking loss.
Statistical Analyses. Data were analyzed using the General Linear Model procedure of SAS (SAS Inst. Inc., Cary, NC) for a split-plot arrangement of a randomized block design. Because pigs reached slaughter weight at different times, and therefore consumed different total amounts of vitamin E, the diet level × "time fed" interaction was evaluated. Because no interaction existed for any trait measured, the "time fed" variable was included in the model as a block. As a result, any variation due to time the diets were fed was accounted for in the model and a simple diet level effect was analyzed. Genotype (MON or NON) was analyzed in the main plot and chilling method (AC or NC) and diet (0, 300, 600, or 900) were analyzed in the split plot. The block × genotype interaction was used as the error term for the main plot. Hours postmortem for temperature and pH were analyzed as repeated measures of the split plot. Significant (P < 0.05) interaction and main effect means were separated using the PDIFF option of LSMEANS. Percentage of loins and hams that were PSE was calculated with the FREQ procedure using the CHISQ option of SAS. Pairwise comparisons of percentages were done according to Ott (1988) for comparing two binomial proportions. Experiment-wise acceptability level for pairwise comparisons was 5%.
Results
Live Performance and Carcass Traits. Diet did not affect (P > 0.05, Table 2 ) gain:feed, ADG, live weight, carcass weight, or any carcass trait measured. However, diet did affect (P < 0.001) the concentration of vitamin E in the longissimus muscle. Each increase in vitamin E supplement in the diet increased (P < 0.05) concentration of vitamin E in the longissimus muscle.
Genotype of the pigs did not affect (P > 0.05) any live performance traits. However, NON pigs had 0.2 cm more (P = 0.02) backfat at the 10th rib and tended to have more backfat at the first rib (P = 0.08) and 13th ribs (P = 0.07) than MON pigs. All other carcass trait measurements were not affected (P > 0.05) by genotype, diet, or their interaction.
Temperature and pH. Carcass chilling method affected postmortem ham and loin temperature (P < 0.05, Figure 1 ). Temperatures were lower (P < 0.05) in AC hams than in NC hams at every hour postmortem. In addition, temperatures were lower (P < 0.05) in AC loins than in NC loins each hour except for 21 h postmortem, when chilling method no longer affected (P > 0.05) loin temperature. Neither genotype, diet, nor their interactions affected temperature decline in the ham or loin (P > 0.05).
A diet × genotype interaction affected longissimus muscle pH (P < 0.05, Figure 2 ). Diet did not affect pH Fat thickness, cm First rib 3.4 ± 0.13 3.3 ± 0.13 3.4 ± 0.13 3.4 ± 0.14 0.7 3.3 ± 0.01 3.4 ± 0.01 0.08 10th rib 2.0 ± 0.12 2.0 ± 0.12 2.0 ± 0.12 2.1 ± 0.13 0.9 1.9 ± 0.004 2.1 ± 0.01 0.02 13th rib 1.7 ± 0.12 1.6 ± 0.12 1.6 ± 0.11 1.8 ± 0.12 0.7 1.5 ± 0.02 1.8 ± 0.03 0.07 Last rib 2.0 ± 0.12 2.0 ± 0.12 2.0 ± 0.12 2.2 ± 0.13 0.8 2.1 ± 0.02 2.1 ± 0.03 0.7 Last lumbar vertebra 2.0 ± 0.10 1.8 ± 0.10 1.8 ± 0.10 1.9 ± 0.11 0.8 1.8 ± 0.08 1.9 ± 0.12 0. 
Means in a row within a treatment having different superscripts differ (P < 0.05). in MON loins at 1, 2, 3, or 4 h postmortem. At 1, 2, 3, and 4 h postmortem, NON pigs on the 600 diet had higher (P < 0.05) pH values than all other diet × genotype groups. The pH values for NON pigs at 1 h postmortem were higher (P < 0.05) than those for MON pigs regardless of diet. After 2 h, all of the NON genotype loins had a higher (P < 0.05) pH than the MON genotype loins, except that the pH of loins from MON pigs fed the 900 diet did not differ (P = 0.07) from that of loins from NON pigs fed the 0 diet.
Figure 2.
Least squares means for genotype × diet interaction effects on postmortem pH decline in the longissimus muscle at the last rib. MON = monomutants, NON = noncarriers.
At 3 h postmortem, all of the NON genotype loins had a higher (P < 0.05) pH than the MON genotype loins, except that the pH of MON loins from pigs fed the either the 300 or 900 diet did not differ (P > 0.05) from the pH of loins from NON pigs fed the 0 diet. At 4 h postmortem, the pH of MON pigs on the 300 diet did not differ (P > 0.05) from either the 0 or 900 diet in the NON genotype and pH of loins from MON pigs on the 900 diet did not differ (P > 0.05) from loins from NON pigs on the 0, 300, or 900 diet. All other NON genotype loins had higher pH values than MON genotype loins (P < 0.05). No differences in pH were found for diet, genotype, or their interaction at 24 h postmortem (P > 0.05). Chilling method did not affect pH at any time postmortem (P > 0.05).
Genotype affected postmortem pH decline in the semimembranosus muscle of the ham (P < 0.05, Figure 3) . Hams from pigs with the MON genotype had lower (P < 0.05) pH values through 4 h postmortem compared to hams from the NON genotype. Genotype did not affect (P > 0.05) pH at 24 h postmortem. No other main effect or interaction affected pH of the semimembranosus muscle (P > 0.05).
Loin Fresh Color, MeatCheck Values, and Cooking
Losses. Lean color and firmness of fresh loins were not affected (P > 0.05, Table 3 ) by diet, genotype, or their interaction. However, AC improved both color and firmness scores by 0.4 unit compared to the NC treatment regardless of genotype (P < 0.005). MeatCheck values were affected by the genotype × diet interaction (P < 0.05). Within the MON genotype, pigs on the 0 and 900 diets had higher MeatCheck values (indicating more conductivity and higher quality) than those on the 300 or 600 diets (P < 0.05). In the NON genotype, pigs on the 600 diet had higher (P < 0.05) MeatCheck values than those on the 0 diet, but pigs on the 300 and 900 diets did not differ (P > 0.05) from those on either the 0 or 600 diets. Chilling method did not affect (P > 0.05) MeatCheck values. None of the treatments nor their interaction affected (P > 0.05) L*, a*, or b* values. Loin drip and cooking loss were not affected (P > 0.05) by treatment main effects or their interaction.
Carcass chilling method did not affect drip loss or cooking loss of loins (P > 0.05).
Ham Fresh Color and MeatCheck Values.
Gluteus medius color in the ham was affected by a genotype × diet interaction (P < 0.005, Table 3 ). In the MON genotype, the 600 diet caused lower (P < 0.05) color scores compared to other diets, but in the NON genotype the 0 diet produced lower (P < 0.05) color scores than either the 600 or 900 diets and the 900 diet had the highest (P < 0.05) color score compared to all others. Hams from AC carcasses had higher (P < 0.001) color and firmness scores than NC carcasses. Muscle firmness was not affected by diet, genotype, or their interaction (P > 0.05).
MeatCheck values (semimembranosus muscle) were affected by the genotype × diet interaction (P = 0.03) and by the chilling method (P = 0.001). Within the MON genotype, the 600 diet produced the lowest (P < 0.05) MeatCheck values compared to the other diets. In the NON genotype, the 0 diet produced a lower (P < 0.05) MeatCheck value than either the 300 or 900 diets but did not differ (P > 0.05) from the 600 diet. The 900 diet produced a higher (P < 0.05) MeatCheck value than all other levels of diet fed to MON pigs and all diet × genotype subclasses except the 300 diet fed to NON pigs. In addition, AC hams had higher (P < 0.001) MeatCheck values than NC hams. Genotype, diet, their interaction, and chilling method did not affect (P > 0.05) L*, a*, or b* values. However, the genotype × diet interaction approached significance (P = 0.06) for L* values. Similar to visual color, the 600 diet tended to have higher L* values (more white) compared to other diets in the MON genotype. In the NON genotype, 600 and 900 diets Means in a row within an interaction or main effect treatment having the same or no superscripts do not differ (P > 0.05).
tended to have lower L* values compared to 0 or 300 diets and the NON 600 diet tended to have the lowest L* value of all diet × genotype groups. The MON genotype tended to produce higher L* values than NON pigs.
Incidence of PSE. Percentages of loins visually scored
PSE for each genotype within diet are shown in Figure  4 . Diet did not affect (P > 0.05) percentage of PSE loins in the MON genotype. However, in the NON genotype, increasing the level of vitamin E beyond 611 IU in the diet decreased (P < 0.05) the percentage of PSE loins. In the MON genotype, the 600 diet resulted in a higher (P < 0.05) incidence of PSE hams than did the 0 diet but did not differ (P > 0.05) from the other diets. In the NON genotype, percentage of PSE hams was decreased (P < 0.01) with an increase in vitamin E level above 311 IU in the diet. No PSE hams were produced if the diet was supplemented with at least 600 IU of vitamin E. In loins, 900 IU was required to eliminate the PSE condition. These results reflect differences found in visual color scores and L* values. Although diet did not affect PSE muscle incidence in the MON genotype, accelerated chilling reduced (P < 0.05, Figure 5 ated chilling is an effective method for reducing the incidence of PSE muscle in pork from MON pigs.
Sensory Panel Scores. Diet did not affect (P > 0.05, Table 4 ) initial juiciness, sustained juiciness, initial tenderness, or flavor intensity of loin chops. Sustained tenderness and overall mouthfeel scores were higher (P < 0.05) for pigs on all of the vitamin and mineralsupplemented diets compared to the 0 diet. Pork flavor scores were higher (P < 0.05) for pigs on the 900 diet than for pigs on the other diets.
In the genotype × chilling method interaction effects on sensory values of loin chops, scores for initial juiciness, sustained juiciness, and flavor intensity were lower (P < 0.05) for MON pigs that were NC compared to AC or either chill treatment for NON pigs. All other sensory scores of loins were unaffected (P > 0.05) by the genotype × chilling method interaction.
Discussion
Studies have shown that the halothane gene causes smaller litter size, slower growth rate, shorter carcass length, larger longissimus muscle area, and greater lean percentage Webb and Simpson, 1986; Simpson and Webb, 1989 ). In addition, Zhang et al. (1992) reported that the presence of the halothane Means in a row within an interaction or main effect treatment having the same or no superscript do not differ (P > 0.05).
gene accounted for 1 to 10% of the variation in meat quantity and growing traits. Ramsey et al. (1995) found that supplementing 150 IU/kg vitamin E increased ADG did not affect feed efficiency, increased backfat thickness, and numerically increased USDA carcass grade. In contrast, the present study showed that, with the exception of 10th rib fat, neither genotype nor diet affected any growth or carcass trait of commercial pigs.
It has long been known that PSE meat is unfavorable in the pork industry. Bray (1966) reported that fresh and cured PSE pork had less desirable palatability, higher shrinkage, undesirable processing characteristics, and excessive amounts of purge compared to normal pork. Briskey et al. (1962) and Bendall et al. (1963) demonstrated that muscles that became PSE usually had a shorter rigor duration, as indicated by a rapid decline in pH postmortem. In the present study we observed that supplementing vitamin E to the finishing diet resulted in a less rapid decline in muscle pH in NON pigs. Noncarrier pigs that were fed either 0 or 300 diets had a lower pH than those fed the 600 diet, which resulted in a higher percentage of loins that were scored PSE.
Because of the large economic impact that the PSE condition has on the pork industry (Meeker and Sonka, 1994) , much effort has gone into methods to reduce the incidence of PSE pork. Lawrie (1974) concluded that rapid chilling can slow postmortem glycolysis and increase the ultimate muscle pH. A number of methods have been successful in increasing the rate of chilling. Frederick et al. (1993) , Meade and Miller (1990) , and Owen et al. (1995) reported that hot-fat trimming of pork carcasses increased the rate of temperature decline and reduced the incidence of PSE meat. Milligan (1998) and Springer (1997) reported that rapid chilling (−32°C for at least 90 min) improved muscle color and purge characteristics, whereas McFarlane and Unruh (1996) reported that rapid chilling improved cooking loss but did not affect color characteristics. The current study parallels previous research indicating that rapid chilling increases the rate of postmortem temperature decline, which resulted in improved loin and ham fresh color and firmness, sensory characteristics, and MeatCheck scores in the ham. The result was a reduction in the incidence of PSE in both the loin and ham of pigs that did not carry a copy of the halothane gene.
Dietary supplementation of vitamin E decreased drip loss and improved the color of pork cuts with limited success (Monahan et al., 1990; Asghar et al., 1991; Cannon et al., 1996) . Prior studies used only one level of vitamin E in addition to other vitamins and minerals and therefore it could not be determined whether it was the vitamin E or the other supplements that produced the treatment effect. In this study, however, by varying the level of vitamin E, we determined that supplementing at least 600 IU/kg along with riboflavin, vitamin C, selenium, manganese, magnesium, copper, and zinc successfully reduced the incidence of PSE pork in pigs that are noncarriers of the halothane gene.
Many problems, such as PSE meat, are associated with pigs that carry the halothane gene, so it may be expected that technologies to reduce the incidence of PSE would be most effective on pigs that are carriers of the gene. In the present study it was shown that neither vitamin-mineral supplementation nor accelerated chilling had much effect on the meat quality of MON pigs, although accelerated chilling did improve loin juiciness in MON pigs. In contrast, the supplementation of at least 600 IU of vitamin E in the finishing diet of NON pigs drastically reduced quality defects of the muscle.
Implications
Because of the extensive economic loss and quality deficiencies associated with pale, soft, and exudative pork, the industry is continually looking for methods to improve pork quality. This study showed that although ineffective for pigs carrying the halothane gene, supplementing finishing diets with 600 IU of vitamin E with other vitamins and minerals during the last 36 to 70 d
